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Abstract
The fertilizing potential of atmospheric deposition on ocean production in the Mediter-
ranean is a matter of debate. In this study, eight years (from 2000 to 2007) of weekly
chlorophyll concentration data derived from SeaWiFS satellite observations and dust
deposition data provided by the BSC-DREAM8b model are investigated in a basin-wide5
scale in the Mediterranean Sea to describe the geographical distribution and dynamics
of both variables and to find potential relationships between them.
In all analyses the largest positive cross correlation values are found with a time
lag of 0 8-d periods. The coupling between annual cycles of chlorophyll and dust de-
position may on average explain an 11.5% in chlorophyll variation in a large part of10
the Mediterranean. The Eastern Mediterranean shows the largest annual correlations,
while the responsiveness to large events is small. The contrary is true for the West-
ern and Northwestern Mediterranean where, if anything, only large events may add to
the chlorophyll variability. The Central Mediterranean shows the highest responsive-
ness of chlorophyll to mineral dust deposition with annual contributions from seasonal15
variability as well as stimulations owing to large events.
These results highlight the importance of dust deposition from African and Middle
East origin in the potential stimulation of phytoplankton production in the nutrient de-
pleted surface layers of the Mediterranean Sea.
1 Introduction20
The atmosphere and the ocean are dynamic compartments within the Earth system
that are constantly interacting with each other. In addition to exchanges of thermal and
mechanical energy, ocean and atmosphere exchange a multitude of chemical com-
pounds such as gases and particulate matter that have effects on global biogeochemi-
cal cycles and are highly variable in space and time (Bonnet et al., 2005).25
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Atmospheric dust deposition supplies several macronutrients, such as phosphorus
(Bergametti et al., 1992; Migon and Sandroni, 1999; Ridame and Guieu, 2002; Markaki
et al., 2003; Guieu et al., 2010; Pulido-Villena et al., 2010), nitrogen (Loy¨e-Pilot et
al., 1990; Herut et al., 1999; Kouvarakis et al., 2001; Bonnet et al., 2005; Sandroni et
al., 2007; Markaki et al., 2010), iron (Bonnet and Guieu, 2006; Theodosi et al., 2010)5
and silicate (Moreno et al., 2006) to the surface waters of the Mediterranean Sea.
The Mediterranean Basin is considered one of the most oligotrophic marine ecosys-
tems on Earth (Be´thoux et al., 1998). During the stratification period, the phytoplankton
community is strongly limited by nutrients. In general, it seems that the strongest limit-
ing nutrient is phosphorus, followed by nitrogen (Estrada, 1996; Thingstad et al., 2005).10
On the other hand, the Mediterranean atmosphere is subject to a continuous pres-
ence of Saharan mineral dust particles (Barnaba and Gobbi, 2004; Antoine and No-
bileau, 2006; Engelstaedter et al., 2006). The deposition on surface waters of these
particles and soluble compounds, rich in nutrients, may influence biological produc-
tion. The contribution through atmospheric deposition of nitrogen and phosphorus in15
the Mediterranean Sea has been shown to be significant (Guerzoni et al., 1999; Migon
and Sandroni, 1999; Guieu et al., 2002a, b; Markaki et al., 2003; Morales-Baquero et
al., 2006a), at least during certain events. Therefore, atmospheric deposition is a ma-
jor potential source through which “new” nutrients, essential for primary production, are
deposited on Mediterranean surface waters (Ternon et al., 2011).20
Despite the potential contribution of atmospheric nutrients to marine production, ev-
idence of direct effects is hard to find and results are unclear. Previous studies on
the effect of Saharan dust inputs on phytoplankton have been restricted to a few spe-
cific areas in the Mediterranean basin, having provided contrasting estimates. Different
amendment experiments have shown fertilization effects of Saharan dust on both het-25
erotrophic and autotrophic communities (Klein et al., 1997; Ridame and Guieu, 2002;
Bonnet et al., 2005; Eker-Develi et al., 2006; Pulido-Villena et al., 2008; Lekunberri
et al., 2010; Romero et al., 2011; Ternon et al., 2011). On the other hand, Volpe et
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al. (2009) found interferences between satellite-derived aerosol optical thickness data
and chlorophyll data masking possible functional relationships between both variables.
Aerosol optical thickness (AOT) is a radiometer-based datum that can be used as a
proxy of atmospheric turbidity. It is an estimation of the particle load in the air column.
Saharan dust transport over the Mediterranaean shows a seasonal pattern (Moulin et5
al., 1998; Barnaba and Gobbi, 2004). The peak of transport over the Eastern Mediter-
ranean occurs in spring, in the Central Mediterranean during the spring-summer pe-
riod, and in the Western Mediterranean during the summer. While in Antoine and No-
bileau (2006) the largest AOT values over the Mediterranean Sea were found in the
Eastern basin during spring, then this moves to a lower extent in the Western dur-10
ing summer and in Central in autumn. In any case, atmospheric dust load does not
necesarily mean deposition over a certain area. In the Mediterranean Basin, transport
of desert dust aerosols occurs at different heights (Mona et al., 2006; Papayannis et
al., 2008; Sicard et al., 2011). The winter and spring aerosol plumes that cross the
Mediterranean in general travel at low altitude. During the rest of the year the aerosol15
load tends to travel in higher atmospheric layers reaching 6000m in height (Pappalardo
et al., 2003; Bartoli et al., 2005; Papayannis et al., 2008). Thus, in order to relate possi-
ble effects of aerosols on plankton dynamics, not only atmospheric load is relevant but
also whether aerosols are depositing over the sea.
The aim of this study is to find trends between Saharan dust deposition and surface20
ocean chlorophyll distribution and dynamics in the Mediterranean Sea using correla-
tional analyses with data from eight years (from 2000 and 2007). Based on the analy-
ses, we identify areas were potential fertilization of primary production from deposition
seems related to seasonal dynamics and other areas were potential fertilization seems
more event driven.25
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2 Materials and methods
2.1 Chlorophyll
Chlorophyll concentration data were derived from SeaWiFS (Sea-viewing Wide Field-
of-view Sensor) satellite radiometer measurements. An 8-d averaged, 9 km resolution
product (reprocessing 5) was downloaded from the Giovanni online data system (http:5
//disc.sci.gsfc.nasa.gov/giovanni). We extracted data for 179 different 1◦ ×1◦ areas in
the Mediterranean Sea (Fig. 1), in order to have a wide coverage of the entire basin,
from 2000 to 2007.
2.2 Saharan dust deposition
Saharan dust deposition was obtained from the BSC-DREAM8b model (Pe´rez et10
al., 2006a, b). The model simulates or predicts the 3-dimensional field of the dust
concentration in the troposphere and takes into account all major processes of dust life
cycle, such as dust production, horizontal and vertical diffusion and advection as well
as wet and dry deposition. The main features of BSC-DREAM8b, described in detail in
Pe´rez et al. (2006b), are a source function based on the arid and semi-arid categories15
of the 1 km USGS land use data set, 8 size bins within the 0.1–10 µm radius range ac-
cording to Tegen and Lacis (1996) are used to describe the size distribution of dust, a
source distribution derived from D’Almeida (1987), and the inclusion of dust radioactive
feedbacks (Pe´rez et al., 2006b).
In the last years, the model has been used for dust forecasting and as dust research20
tools in North Africa and the Mediterranean (Amiridis et al., 2009; Alonso-Perez et
al., 2011; Pay et al., 2012). Several case studies have outlined the good skills of BSC-
DREAM8b (Pe´rez et al., 2006a, b; Papanastasiou et al., 2010) concerning both the hor-
izontal and vertical extent of the dust plume in the Mediterranean Basin. Furthermore,
daily evaluation of BSC-DREAM8b with near-real time observations is conducted in25
BSC-CNS. Currently, the daily operational model evaluation includes satellites (MODIS
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and MSG) and AERONET sun photometers. BSC-DREAM8b has also been validated
and tested over longer time periods in the European region (Jime´nez-Guerrero et
al., 2008; Pay et al., 2010; Basart et al., 2012) and against measurements at source
regions for the SAMUM (Haustein et al., 2009) and BODEX campaigns (Todd et
al., 2008).5
For the present study, a dust simulation of the BSC-DREAM8b model is used for the
period between 1 January 2000 and 31 December 2007 over the Mediterranean basin.
The resulting daily-accumulated dust deposition fields have been bilineally interpolated
to the chlorophyll grid. A 1◦ ×1◦ grid between 31◦N and 44◦N and 5◦W and 35◦ E was
used to extract data for the same 179 areas as for chlorophyll.10
A low cut-off threshold is applied to the numerical deposition output from BSC-
DREAM8b since the dataset showed numerically correct but physically unrealistic low
value spikes. Highest deposition rates have been reported in the Eastern Mediter-
ranean (Mamane et al., 1982; Pye, 1992; Kubilay et al., 2000; Singer et al., 2003). Fur-
thermore, minimum deposition values are observed in the northern part of the western15
Mediterranean. Morales-Baquero et al. (2006b) report a minimum of 3×10−5 kgm−2 d−1
in Sierra Nevada (southern Spain) over a 3 yr period. Avila et al. (1997) monitored depo-
sition in the Montseny mountains (Northeastern Spain) during 11 yr and the minimum
dust deposition was 1.01×10−6 kgm−2 d−1. De Angelis and Gaudichet (1991) reported
a minimum value of 0.6×10−6 kgm−2 d−1 over 30 yr in the Alps region. In order to be on20
the safe side, we chose a value of 10−8 kgm−2 d−1 as the low cut-off threshold for re-
alistic measurable deposition. Finally, daily deposition was log averaged to 8-d periods
to match the chlorophyll dataset.
2.3 Analyses
Pearson’s correlation coefficient (r) and the associated p-level are calculated between25
dust deposition and chlorophyll concentration for each of the 179 1◦ ×1◦ areas. These
analyses are done with and without seasonally detrending one or both variables. Pre-
viously, we crosscorrelated chlorophyll and deposition with lags from 0 up to 4 8-d
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periods to determine that the highest correlations were found with a lag of 0, that is
within a period of 8-d.
3 Results
The surface chlorophyll distribution shows both an overall west to east decreasing trend
and a south to north increasing trend (Fig. 2a). These trends together with a few local5
spots of higher chlorophyll concentration (e.g. Alboran Sea, the Tunisian coast, Dard-
anelle strait and the Northern Adriatic) characterize different biogeographical regions in
the Mediterranean (D’Ortenzio and D’Alcala`, 2009). Chlorophyll concentration shows
mean concentrations between 0.09mgm−3 and 0.13mgm−3 in the southern part of
the Eastern basin and between 0.23 and 0.36mgm−3 in the Northwest Mediterranean.10
The coefficient of variation (CV) of chlorophyll also shows a major decreasing trend
with longitude except for some coastal areas (Fig. 2b). In the Central and Eastern
Mediterranean, the chlorophyll CV ranges between 14% to the 20% excepting two
outlier regions (near the Tunisian coast and in the Dardanelle strait) with CVs higher
than 90%. In the Western Mediterranean, the CV of chlorophyll ranges from 20% to15
66% with the highest CV in areas with the largest mean concentration.
Dust deposition distribution shows a decreasing trend from south to north (Fig. 3a).
The highest mean concentration values are present in the southern part of the
Mediterranean Sea, with mean values ranging between 5×10−7 kgm−2 d−1 and 1×
10−7 kgm−2 d−1. On the other hand, the lowest values are located in the northern part20
of the Mediterranean Sea (North Spain, South France and North Italy), where the range
is from 2×10−8 kgm−2 d−1 to 3×10−8 kgm−2 d−1 in mean concentrations.
In contrast to mean dust deposition values a different scenario is represent for the
CV of dust deposition. The CV decreased from north to south (Fig. 3b). The smallest
CV in dust deposition occurs in the southern part of the Mediterranean basin where it25
oscillates between 7% and 20%. Conversely, in the northern part, we found the highest
CV in dust deposition, with values close to 50%.
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The seasonal trend of deposition shows the largest values in late autumn-winter
for the Central and Eastern Mediterranean (Fig. 4), albeit with a lower overall annual
variability than in the Northern-Northwestern Mediterranean. The spatial distribution
shows larger deposition close to the African and Middle-East sources and a decrease
of average monthly deposition to the Northern Mediterranean.5
The correlation between Sahara dust deposition and chlorophyll concentration is
shown in Fig. 5a. In the East sub-basin values are between 0.3 and 0.65, with the
exception of the west side of the Nile delta where the correlation coefficient was of 0.18
and the Dardanelle area where it was lower than 0.2. Negative correlations occur in the
southeastern coast of Tunisia, in the Alboran Sea, in the northeastern coast of Spain10
and in the Gulf of Lions. Furthermore, the Central Mediterranean Sea shows values
between 0 and 0.2. The significance of the correlations is shown in Fig. 5b. In most of
the Mediterranean basin, the p-levels were lower than 0.05, with the exception of the
Tunisian coast, the Sicily strait, the Northwest Mediterranean and the Northern Adriatic
Sea, basically areas that were showing low correlations, either positive or negative.15
The correlations were non significant, with p-levels close to 1, between the Ligurian
coast and the open water in front of the Gulf of Lions and up to the Menorca.
When deposition is correlated with the seasonally detrended chlorophyll (Fig. 6),
correlation coefficients show a general drop mostly to values between 0.1 and 0.2.
Three areas show relatively high correlation coefficients (southeast of Sardinia, south20
of the Balearic islands and south of Sicily). Negative correlation values appear in the
Gulf of Lions, in the Alboran Sea, in the southeast coast of Tunisia and in the eastern
part of Mediterranean Sea. Even if correlation coefficients are low, all the areas with
an r larger than 0.1 are statistically significant. On the other hand, areas showing a
negative r are not statistically significant.25
Finally, when correlations between deposition and chlorophyll are done after sea-
sonally detrending both data sets (Fig. 7) the results are very similar to the case when
only chlorophyll is seasonally detrended. Most areas showed correlation values be-
tween 0.1 and 0.2. The highest correlation coefficients were present in the Ionian Sea,
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in the south Tyrrhenian and in the northern part of Algeria with values between 0.3
and 0.4. The lowest values appeared in the Gulf of Lions, in the Alboran Sea, in the
southeastern coast of Tunisia and in the Levantine Sea, all with a negative correla-
tion coefficient. Again, negative correlation coefficients were not statistically significant.
There were 113 areas with p-levels smaller or equal to 0.05, so only 66 areas showed5
non-significant correlations.
4 Discussion
Previous studies (Bosc et al., 2004; D’Ortenzio and D’Alcala`, 2009) had already ev-
idenced that the Mediterranean is not uniform in surface chlorophyll concentrations
and temporal dynamics, and our data is very similar to previous more extensive de-10
scriptions. On the contrary, aerosol deposition over the sea is much more difficult
or currently impossible to map over time with measurements. There are some point
measurements obtained during cruises and some more or less permanent stations
that measure mostly aerosols in air and not so much deposition, scattered around the
Mediterranean coast and some islands (Querol et al., 2009; Markaki et al., 2010). We15
have resorted to use synthetic deposition data from an operational aerosol transport
model. The BSC-DREAM8b model tracks mineral aerosols from North Africa and Mid-
dle East. Other sources, such as of anthropogenic origin and sea spray (Querol et
al., 2009), also contribute to aerosols but have not been considered in this study.
The spatial distribution and temporal dynamics of our deposition data shows con-20
siderable and more constant deposition rate close to the mineral origin source. A de-
creasing gradient is present from south to north. In addition, in the North Mediterranean
the temporal variability is larger indicating a shift from a more constant annual dynam-
ics to an exposure to large events. Aerosol deposition is favored in the winter and
spring, when the prevailing meteorological conditions make dust plumes travel close to25
the ocean surface (Alpert et al., 2004). For the remainder of the year, dust plumes in
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general travel high in the atmosphere over the Mediterranean with reduced chances of
deposition over the sea.
Model deposition data seems robust. Papayannis et al. (2008) found a good agree-
ment between lidar observations and BSC-DREAM8b model calculations. Pay et
al. (2012) and (Basart et al., 2012) found a good agreement between measured PM105
levels at surface stations and BSC-DREAM8b model calculations. The Saharan dust
deposition patterns (seasonal maps) shown in this paper are in a good agreement with
Basart et al. (2012). Markaki et al. (2010) observed that the maximum in DIN deposition
in the Mediterranean basin was in winter, and about 65% of DIP deposition occurred in
winter as well, in agreement with our modeled deposition data. Dust deposition is sub-10
ject to large-scale weather features (such as particularly dry years, latitudinal position
of the inter-tropical convergence zone, etc.), which can lead to large interannual fluctu-
ations. High deposition rates are also highly dependent on rains, that is, wet deposition
(Kubilay et al., 2000; Ridame and Guieu, 2002). Guerzoni et al. (1997) estimated that
about 3/4 of Saharan dust is deposited with precipitation. Thus, the annual cycles of15
deposition show more variability than other variables, but it is clear that these depo-
sition patterns do not completely match AOT data (Moulin et al., 1998; Barnaba and
Gobbi, 2004; Antoine and Nobileau, 2006). The fact that we do not consider the depo-
sition of aerosols other than of North African and Middle East mineral origin may also
increase the discrepancy between AOT patterns and modeled deposition data.20
Surface ocean chlorophyll and dust deposition are highly correlated in the Eastern
Mediterranean where it seems that the annual cycles of both variables have a higher
match. When seasonally detrended data is used, the correlation is decreased and is
mostly non-significant. Thus the Eastern Mediterranean would benefit from a back-
ground supply of nutrients from deposition that may fuel the system to some extend25
while large dust deposition events have a minor role fueling primary production peaks
in the area. In the Northwestern Mediterranean deposition tends to be much lower and
more event driven, and most likely the higher background water nutrients and chloro-
phyll levels preclude an effect from deposited material most of the times. A recent
8620
BGD
9, 8611–8639, 2012
Saharan dust
deposition and ocean
chlorophyll
concentration
R. Gallisai et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
D
iscussion
P
aper
|
study (Izquierdo et al., 2012) shows that atmospheric-derived P normally contributes
less than 1% of primary production in the NW Mediterranean but occasional events
may contribute up to a 30% of annual new production.
The Central Mediterranean, taken here loosely between 10◦ E and 20◦ E, stands out
as an area where both the relatively high background deposition can add to the fu-5
eling of the system over the annual cycle and where single large events may also
alter significantly the dynamics of chlorophyll. There are 95 areas, coinciding mostly
with the Central Mediterranean, where correlations between deposition and chlorophyll
are significant when using seasonally detrended as well as and non-detrended data
(Fig. 8). In these areas the coupling between annual cycles of both variables was re-10
sponsible of 11.5% of the annual chlorophyll variability. Moreover, if we detrended the
seasonal patterns of both variables, dust deposition events were responsible for 4.6%
of the variability in chlorophyll. We could distinguish three different zones: one between
the Balearic islands and the north African coast, one corresponding to the Tyrrhenian
Sea and one corresponding to the Central Mediterranean proper, between Southern15
Italy, Sicily and the Libyan coast. South of the Balearic Islands and the Tyrrhenian
Sea lie the areas most susceptible of event-driven dust deposition, explaining 6% of
the seasonally-detrended variability in chlorophyll. The Central Mediterranean proper
is where the annual matching between deposition and chlorophyll explains on average
the largest proportion in chlorophyll variability, 19% (Table 1).20
As mentioned earlier, crosscorrelations between dust deposition and chlorophyll
show its maximum at lag 0, that is, within the first 8-d, as was also found by Volpe
et al. (2009) for AOT and chlorophyll. Because of the potential signal interference of
AOT with chlorophyll reported by these authors we shy away from a higher tempo-
ral resolution that may give spurious correlations. In the areas where our correlations25
are significant, the absolute correlation values do not exceed 0.65 at the most. This
means that the relationship would explain a maximum of 42% of the temporal variation
in chlorophyll, and in most cases around 2%. Of course, nutrients being fueled from
rich bottom waters, either through a large annual overturning or through more steady
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diffusion, is the main driver of phytoplankton in the upper layers. The load of nutrients
added through atmospheric deposition at a certain time tends to be small compared to
the enrichment from bottom waters, and thus significant correlations, even is small, are
highly relevant. In addition it has to be taken into account that small nutrient additions
in oligotrophic waters tend to favor first competing bacteria (Pulido-Villena et al., 2008;5
Lekunberri et al., 2010; Maran˜o´n et al., 2010; Romero et al., 2011) and that phyto-
plankton should then respond to the recycled nutrients. Thus, even in experiments,
while responses in activity occur, it is not always straightforward to see responses at
the biomass level. Finally, we have only considered deposition of North African and
Middle East, mineral sources while we expect that at least in some cases, in some ar-10
eas or for some events the contribution of other sources, for instance of anthropogenic
origin, may also explain part of the seasonally-detrended chlorophyll series.
5 Conclusions
An eight years (2000–2007) analysis of SeaWIFS and BSC-DREAM8b model data,
shows that mineral dust deposition from North African and Middle East desert dust15
sources correlates with chlorophyll in fairly large areas of the Mediterranean. This
is especially true for the Eastern Mediterranean where aerosol deposition dynamics
matches chlorophyll annual dynamics and the atmospheric input may be an intrinsic
part of ecosystem dynamics. However, the Eastern Mediterranean shows little respon-
siveness to large dust outbreaks, perhaps because they travel over this area to dis-20
tances further away. For most of the Western Mediterranean a coupling between the
dynamics of both variables is weak or inexistent. This seems to be due to the presence
of some relatively rich hot spot areas such as the Gulf of Lions and the Alboran Sea,
where other factors are mostly in control of nutrient and chlorophyll dynamics. Only in
the South Tyrrhenian and in the northern part of Algeria, a positive connection between25
the dust outbreaks and chlorophyll is present. Overall, the area most responsive to dust
deposition is the Central Mediterranean, with both an annual match in the timings and
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a response to dust outbreaks. It is possible that previous studies between chlorophyll
and aerosols in air showed less obvious correlations because not all aerosols in the at-
mosphere are depositing and many aerosol plumes travel at great heights during most
of the year with little chance of deposition.
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Table 1. Results of dust deposition impact on chlorophyll variability.
Chl vs. dust Chl vs. dust (detrended)
All 95 areas 11.5% 4.6%
South Baleares 1.8% 6.0%
Tyrrhenian Sea 3.0% 6.0%
Central Mediterranean 18.7% 5.2%
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Fig. 1. Map that shows the 179 areas, 1◦ ×1◦ in size, used for the chlorophyll and Saharan dust
deposition data analyses.
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Fig. 2. Observed mean surface chlorophyll concentration from SeaWIFS for the Mediterranean
Sea (a) and the corresponding coefficient of variation (b) for the years 2000–2007.
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Fig. 3. Modeled dust deposition mean value from BSC-DREAM8b for the Mediterranean Sea
(a) and the corresponding coefficient of variation (b) for the years 2000–2007.
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Fig. 4. Monthly climatic modeled deposition (2000–2007) in the Mediterranean Sea from BSC-
DREAM8b.
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Fig. 5. Chlorophyll and dust deposition correlation at time lag 0 (a) and the corresponding
p-level statistical significance (b).
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Fig. 6. Same as Fig. 5 but for the correlation between seasonally detrended chlorophyll and
deposition.
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Fig. 7. Same as Fig. 5 but for the correlation between seasonally detrended chlorophyll and
seasonally detrended deposition.
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Fig. 8. Map that shows the 95 areas with positive and statistically significant (p < 0.05) correla-
tions, in both chlorophyll vs. dust deposition and seasonally detrended chlorophyll vs. season-
ally detrended deposition.
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